Abstract-This paper describes an automatic mechanism for drawing metro maps. We apply multicriteria optimization to find effective placement of stations with a good line layout and to label the map unambiguously. A number of metrics are defined, which are used in a weighted sum to find a fitness value for a layout of the map. A hill climbing optimizer is used to reduce the fitness value, and find improved map layouts. To avoid local minima, we apply clustering techniques to the map-the hill climber moves both stations and clusters when finding improved layouts. We show the method applied to a number of metro maps, and describe an empirical study that provides some quantitative evidence that automatically-drawn metro maps can help users to find routes more efficiently than either published maps or undistorted maps. Moreover, we have found that, in these cases, study subjects indicate a preference for automatically-drawn maps over the alternatives.
Ç

INTRODUCTION
S INCE Harry Beck developed the iconic map of the London Underground, first published in 1933 [1] , [2] , similar schematic diagrams have been used to guide travelers on public transport networks. Typically, such diagrams are produced by modifying the network layout so that unnecessary complexity is removed. For example, lines run at regular angles, stations are evenly spaced, and labels are placed in unambiguous locations. While the geometry of the map is changed, the topology is retained. The great advantage of such diagrams over undistorted maps is that they simplify the key tasks of route planning and navigation for travelers.
Currently, schematic diagrams are produced by human designers and take a considerable time to generate. While this may be sensible for the use of such maps as static views of entire networks, there are other applications for which automated layout would be a great benefit. Cheap and quickly produced computer-generated schematic maps might be used for personal travel plans, generating diagrams for networks not currently included in current maps, or for using schematic networks in other application areas, such as water or gas utility networks [3] . In addition, the metro map metaphor, which draws graph-based data in a similar form to metro maps, has been widely used in nongeographical application areas, where the lack of geographical constraints allow more freedom in diagram layout. Such applications include project plans [4] , cancer pathways [5] , and Web site mapping [6] .
Our paper describes a mechanism for drawing usable metro maps. This is achieved with a new method for metro map layout, multicriteria optimization, which performs the difficult task of generating a good line layout with unambiguous, readable labels. A number of metrics are defined, which are used in a weighted sum to attempt to measure the esthetic quality of the diagram. Our approach also uses three new clustering mechanisms to avoid local minima. The usability of metro maps produced by our system has been tested by empirical study and we describe the experiments and statistical analysis that brings us to the conclusion that our metro map layout method can produce usable diagrams. Previous conference publications [7] , [8] have described early versions of the method that appears in Section 3. However, the work in this section is extended from the early publications, with improved criteria and optimization. The clustering and empirical research is new work and has not been previously published. The work given here formed the basis of a PhD thesis [9] .
The rest of this paper is organized as follows: Section 2 describes some background in the layout of metro maps and other schematic diagrams; Section 3 describes our optimization method; Section 4 describes how the optimizer is extended with clustering methods; Section 5 gives some examples of metro maps drawn with the system; Section 6 describes the empirical study and gives our interpretation of results; finally, Section 7 gives our conclusions and suggests further work.
RELATED WORK
Other approaches to metro map layout have not yet been empirically tested for their effectiveness in drawing realworld examples of metro maps. These methods, in the broad, attempt to achieve similar layouts to those we attempt, with similar diagram criteria either implicitly or explicitly specified. However, unlike our method, labeling is typically not attempted at all or performed after the diagram layout has been completed.
The first attempt at automatic metro map layout was by Hong et al. who use a force-directed approach to laying out metro maps [10] , [11] . They use combinations of different force-based algorithms applied sequentially. Labeling occurs after the diagram layout, but because this does not allow the map layout to make room for labels, occlusion and ambiguity can still occur. Other problems exist because they do not consider the geography of the map, resulting in counterintuitive layouts, for example, stations geographically to the north of others can be placed to the south. In practice, the implicit definition of criteria through the force method tends to result in irregular spacing of stations and nondiscrete line angles typically appear, which are not a feature of most published schematic metro maps.
Nö llenburg and Wolff describe a method of drawing metro maps using mixed-integer linear programming [12] which extends linear programming by introducing the notion of constraining variables to be within certain discrete integer ranges. Constraints include octilinear lines (horizontal, vertical, or 45 degree diagonal), maintaining a minimum line length, minimum line bends, and minimum total line length. The final diagrams lack labels. Note that both the work of Nö llenburg and Wolff and that of Hong, outlined in the previous paragraph, use variants of the Sydney metro map as examples, allowing for comparison with the Sydney map generated by the system described in this paper (see Fig. 22 ).
Merrick and Gudmundsson describe a path simplification method which restricts the number of directions that lines can take [13] . They simplify the lines in order of importance, determined using a heuristic function based on the number of interchange stations on the line. The method fails to maintain topology, does not achieve an effective overall structure, and lacks labeling; however, it produces results in a relatively quick time. Other research includes efforts by Bekos et al. to minimize line crossings for embedded metro maps [14] , which they achieve for restricted types of diagrams.
In addition, there are similar generalization and schematic problems for application areas other than metro maps. Agrawala and Stolte describe a simulated annealing system for producing simplified route maps [15] . This work uses criteria of: length generalization to even out route segments; angle generalization to prevent small turning angles; and shape generalization to simplify the shape of roads. Avelar and Huber [16] show a similar method but model their route maps on the characteristics of public transport networks.
Casakin et al. [17] provide a taxonomy of various aspects of schematic route maps (particularly intersections), and use their taxonomy to provide an empirical assessment of schematic graphs. Yates and Humphries [18] give a discussion of various aspects of schematic diagrams and show a prototype (which uses a heuristic provided as a sample applet in the Java 1.1.6 SDK). Cabello et al. [19] presents a relatively efficient combinatorial algorithm for the generation of schematic maps which takes into account a number of requirements such as choosing the minimum separation of stations and not moving stations. Lauther and Stü binger [20] present a demonstration of software which is capable of laying out schematic diagrams using a force-directed approach with the aim of visualizing cable plans schematically.
The methods for route map schematic layout are generally successful for the problems that they try to solve. However, the size of diagram is generally smaller and less complex than would be expected for a metro map.
OPTIMIZATION METHOD
This section describes the basic concepts of our metro map layout method. We detail the hill climbing optimizer, the criteria measured, and the method for combining criteria to produce a fitness value. This section only discusses individual station movements; Section 4 discusses the movement of clusters of stations.
A diagram, G, is a set of stations, V , with connections between pairs of stations represented by a set of edges, E. When drawing metro maps, we use an edge to represent a single connection between two stations. In some cases, there may be several edges connecting two stations where two or more metro lines run together. We use the term metro line to represent a subset of edges that form a particular line on the network (such as the Central or Northern Lines on the London Underground map). Edges also have metadata in the form of a color that identifies which line they are part of. These features are illustrated in Fig. 1 .
The diagram is embedded on an integer grid, meaning that stations must be centered on grid intersections; however, edges do not have to follow grid lines. The spacing between adjacent intersections in the grid is denoted by g and is always large enough to allow parallel edges between stations to be placed without ambiguity. Making the search space discrete in this manner allows us to dramatically reduce the number of potential locations for stations. We also define a preferred multiple of the grid spacing for station separation, l, making the ideal edge length, lg.
The method has been tested on nine real world maps to date, which can be seen in [9] , in addition to a number of diagrams constructed to test particular issues. See also the Appendices of this paper for examples. The number of real world test maps is restricted by the difficulty of getting data, as each undistorted map must be encoded by hand. The criteria we selected includes criteria that empirical research suggests are effective in the field of graph layout. Not all such criteria are appropriate for metro map layout (such as symmetry). In addition, the line straightness and balanced edge length criteria have been added for the particular requirements of metro map layout. The clustering mechanisms were based on informal examination of the output while the system was being developed.
Hill Climbing
Multicriteria optimization has been used previously in graph drawing [21] , [22] . These previous methods use genetic algorithms or simulated annealing to optimize a fitness function; however, we found that a simpler method using hill climbing was more appropriate for this application. Simulated annealing adds an element of nondeterminism in order to escape from local minima in the search space, but a larger number of iterations would be necessary to reach a minimum in the search space. Moreover, the local minima that typically occur in schematic networks are better dealt with by clustering. Genetic algorithms are also nondeterministic, and converge more slowly than hill climbers or simulated annealers.
In outline, our method operates in this manner: first, we find an initial layout for the stations, which is the undistorted layout, but with the stations snapped to the grid and only one station at any point. For each station in the diagram, we calculate the fitness of the diagram. We then search the points around a rectangle centered on the station at a given distance. We then move the station to the location that most improves the fitness. If none do, then the station is not moved. This is performed for all stations in the diagram. We then see if the label layout in the diagram can be improved in a similar manner. Once all station positions and label positions have been tested, the process is repeated until no more improvement can be made. On each of these repetitions, a cooling factor reduces the search rectangle to allow fine tuning of layout as the search progresses. The process in detail, including the clustering step, discussed in Section 4, is given in Algorithm 1. 
Station Criteria
Movement of stations depends on the calculation of the weighted sum of several criteria which are judged to affect the esthetic quality of the map. Our basis for the selection of criteria comes from existing research that evaluates esthetic criteria in relation to graph drawing [23] as well as criteria considered specific to the esthetics of schematic diagrams and metro maps [10] , [17] , [24] , [25] . The criteria evaluate to a lower value when improved. The station criteria are:
. Angular Resolution Criterion, c N1 . The angles of incident edges at each station should be maximized, because if there is only a small angle between any two adjacent edges, then it can become difficult to distinguish between them. See Fig. 2 . It is calculated by
where ðvÞ is the degree of the station v (the degree of a station is the count of its incident edges) and ðe 1 ; e 2 Þ is the angle in radians between two adjacent edges e 1 and e 2 incident to v. . Edge Length Criterion, c N2 . The edge lengths across the whole map should be approximately equal to ensure regular spacing between stations. It is based on the preferred multiple, l, of the grid spacing, g. The purpose of the criterion is to penalize edges that are longer than or shorter than lg. It is calculated by
where jej is the length of edge e. . Balanced Edge Length Criterion, c N3 . The length of edges incident to a particular station should be similar. One of the characteristics of metro maps is that there are many stations with two incident edges (degree two). Fig. 3 shows an example whereby there are two stations, E and F , with degree two. If we are only considering the edge length criterion for these two stations, it evaluates to the same value for both stations. However, we want to ensure that the edge lengths are similar. In these cases, the balanced edge length criterion can help by penalizing stations with degree two that have incident edges with unbalanced lengths. It is calculated as the sum of the absolute difference between the lengths of the two incident edges of every degree two station in the diagram
where e 1 and e 2 are the incident edges of station v which has degree ðvÞ ¼ 2. . Line Straightness Criterion, c N4 . Edges that form part of a line should, where possible, be collinear either side of each station that the line passes through. One of the important features of metro maps is that metro lines appear to pass through stations so that the entry edge is more-or-less directly opposite the exit edge. This is particularly important if there are two or more lines passing through a station, see Fig. 4 . It is calculated by
where ðe 1 ; e 2 Þ is the smallest angle between adjacent edges e 1 and e 2 , and e 1 and e 2 are the only two edges of the same line that are incident to the station v.
. Octilinearity Criterion, c N5 . Each edge should be drawn horizontally, vertically, or diagonally at 45 degree, so we penalize edges that are not at a desired angle. It is calculated by
where fu; vg is an edge between stations u and v, and yðvÞ and xðvÞ are the y-and x-coordinates of station v, respectively. Fig. 5 shows an example that illustrates the octilinearity criterion. The result of calculating the criterion for each edge in the example graph is shown in Table 1 . As is expected, edges which are already at an angle of some multiple of 45 degree (AB and F G) evaluate to zero, whereas edges which are at angles furthest from multiples of 45 degree evaluate to the highest values. Edges BC and BF evaluate to the same value because they are both 18.43 degree away from the nearest multiple of 45 degree.
Station Rules
As well as the above five criteria, we have implemented four station movement rules which are strictly enforced during the layout process. We apply rules in addition to criteria to enforce particularly important features of a schematic diagram. The four station movement rules are:
. Bounding Area Restriction Rule. Restrict the movement of stations to be within a certain bounding area so that the final diagram will fit on the target Fig. 7 ). To implement this rule, we need to find the clockwise ordering of edges around the station being moved and any neighboring station in the diagram. At each potential new location for a station, the edge ordering is checked and the location disregarded if the orderings change.
Station Movement Criteria Weightings
Each criterion has an independent weighting. The intention of these weightings is twofold. First, the functions generate values which can vary by an order of magnitude or more between each of the criteria. The weightings allow the values of each criterion to be brought within the same magnitude of each other (normalized). It is not possible to bound all criteria to upper and lower values, then scale to between 0 and 1, because many of the station criteria are unbounded. However, it is still important to ensure that one criterion does not completely overwhelm the other criteria. Second, by using a higher weighting, a preference can be placed on a particular criterion if the effects of that criterion are required to be more prominent. Conversely, a lower weighting can be used to reduce the effect of a particular criterion, down to zero, if it is not appropriate for that particular case. The sum of the weighted criteria for station movement, m N , is given by
where w Ni is the weighting for criterion c Ni . The weightings that we used were determined through a process of trial and error. This process first involved setting the weightings such that the weighted values are effectively normalized (to cancel out differences in magnitudes) and then using particular examples to determine how each weighting should be modified so that it has the desired effect. The process was driven by the subjective judgement of the investigators, as a more formal approach would have taken more time than was available. Appendix A, which can be found on the Computer Society Digital Library at http://doi.ieeecomputersociety.org/ 10.1109/TVCG.2010.24, shows the effect of removing each station movement criterion in turn, indicating that all criteria have some effect on the final result.
Label Criteria
Labeling is an integral part of metro maps-in an informal discussion with a professional metro map designer, we discovered that labeling was considered the major issue in the layout of the London Underground map. Hence, it should form an integral part of any schematics layout method. Similarly, with station and line optimization, we have designed a number of criteria for label placement. These criteria are based on cartographic point labeling considerations [26] . However, it should be noted that some principles differ in metro map layout, in particular, positions directly to the left and right of the station are acceptable in metro map layout because the line prevents the station being misinterpreted as a type character in the label. The advantage of calculating a fitness function for labeling, rather than applying alternative, more widely used methods, is that the labeling can be integrated with the station layout in the hill climber.
In order to reduce the number of potential locations for labels and to allow a preference for one position over another, we limit the number of positions using a labeling space. Fig. 8 shows our chosen labeling space, which allows eight different label positions. The values for the positions are currently independent of line orientation; however, they could be adjusted for particular line orientations for greater flexibility.
Occasionally, a label might contain a large amount of text with several words so we split a long label length of the label if it exceeds 0:75lg. This is a relatively simplistic strategy, as while this usually ensures the label fits in between stations, often a split is made when there is still plenty of room for it in the diagram.
The seven labeling criteria are:
. Label Occlusion Criteria, c L1 , c L2 , c L3 . These three criteria count the number of stations, edges, and other labels that intersect/occlude labels, respectively. As intersections drastically reduce the readability of the map, it is highly desirable to ensure that they happen as infrequently as possible. However, there may be occasions where the readability of the diagram would be improved if a label were allowed to occlude an edge, as in dense areas of the diagram, it may not be possible to find any improvements to the position of labels to resolve all label occlusions. . Label Position Criterion, c L4 . Places a preference on label positions in the labeling space by putting a value on each position. A label can occupy any one of the eight locations in the labeling space shown in Fig. 8 . Some label positions are more preferential than others, so each different position in the labeling space is assigned a value relating to the preference for that position. Table 2 shows the set of values for each position in the labeling space. The label position criterion is then defined as the sum of the position values for each label in the diagram. . Label Position Consistency Criterion, c L5 . Gives preference to labels along a line in the map that consistently appear on the same side of the line. This improves readability because the labels appear as a list which can be read easily rather than having to switch attention from one side of the line to the other. The criterion is only calculated for labels with one or two neighboring stations, as stations with more than two neighbors have to be consistent with more than one line. The calculation is fairly simple: for each station in the diagram with degree equal to two, a count is kept of the number of times the position of the label of an adjacent station (if that station has degree less than three) differs to the position of the current station, counting each pair of stations once. Fig. 9 shows an example of poor label position consistency where the unweighted value of the label position criterion would be three. . Station Proximity Criterion, c L6 . Penalizes labels that come into close proximity to unrelated stations, so discouraging labels from being positioned too close to other unrelated stations, which causes ambiguity when deciding to which station the label relates (see Fig. 10 ). It is calculated by
where dðk; vÞ is a function giving the distance from the closest point on the bounding box of label k to station v. Notice that we are interested in n 2 V ; k v 6 ¼ k, that is, all stations in the diagram except the one for which the label (k v ) is the label we are considering (k). In other words, we do not take into account the distance between a label and station that label belongs to. In practice, because most stations in the diagram will be some way from the label in question, they will contribute very little to c L6 . We can, therefore, approximate the contribution of stations with dðk; vÞ > x to zero. We use a value of g for x. . Perpendicular Tick Criterion, c L7 . Encourages the tick (and therefore, the position of the label) for a particular station to be perpendicular to the line. 
TABLE 2 Label Position Values
The positions refer to the positions shown in Fig. 8 . The right-hand diagram shows ticks always drawn straight to the right (labels are positioned to the east). While the labels and ticks for the vertical part of the line remain the same, the perpendicular ticks on the diagonal part of the line are more prominent. The minimum distance between the line and the labels on the diagonal part is also greater when the labels are drawn diagonally, but the association with the relevant tick is not lost. For a station v, e1 v and e2 v are the connecting edges and 1 v and 2 v are the angles between the tick and e1 v and e2 v , respectively. The unweighted value of this criterion for a single station is the absolute difference between the two angles. The total value for all stations, V , in the graph is, therefore,
Labeling Criteria Weightings
The values for label weightings were determined through trial and error with various examples in a similar manner to the way that we determined station movement criteria weightings (see Section 3.4), and as with the station criteria, the label criteria are not restricted to between 0 and 1, for consistency. However, unlike the station criteria, the label criteria can be bound by dividing by the number of stations in the diagram. The sum of the weighted criteria for labeling, m L , is given by
where w Li is the weighting for criterion c Li . As with the station movement criteria weightings, the values for the label weightings can be modified by the user depending on the characteristics of the particular metro map being drawn. . clustering based on overlength (or underlength) edges; . clustering based on bends in lines;
CLUSTERING
. clustering based on partitioning the diagram into two parts that can be moved closer together. Once clusters have been identified, they are moved in exactly the same way that individual stations are moved with the only difference being that all the stations in the cluster are moved and the relative position of stations in a cluster is maintained.
As with station movement criteria, the effect of removing each clustering method in turn is shown in Appendix A, which can be found on the Computer Society Digital Library at http://doi.ieeecomputersociety.org/10.1109/ TVCG.2010.24, indicating that all the clustering methods have some effect on the final result.
Clustering Overlength Edges
A frequent problem we encountered when experimenting with our layout system was that of long edges that do not reduce in length. We define overlength edges as being edges which are longer than lg (the ideal edge length). Fig. 12 shows such an example with two overlength edges. If we only allow one station to move at a time, the overlength edges connecting the two groups of stations cannot reduce in length.
Our first attempt at solving this problem, given in [8] , attempted to cluster groups of stations at the ends of lines. However, this does not always deal with multiple overlength edges, as shown in Fig. 12 . Instead, we cluster the diagram into groups of stations connected by ideal length edges.
Clustering Nonstraight Lines
Many lines contain short deviations or kinks. This occurs when fitting a slightly off-straight line to the grid or where three stations are too close together to fit onto the grid without the middle station being offset relative to the rest of the line.
To improve nonstraight lines, we identify clusters of stations by looking at stations which have exactly one or two neighbors. Fig. 13 shows an example of cluster found with this method. This means that stations A and F are discounted from forming part of a cluster from the outset (and could even be removed from the graph while we are searching for clusters). Clusters are then identified by finding the minimum set of connected stations which are collinear.
Partitioning
The results of experiments on test maps also identified local minima that occur because overlength edges cannot always be reduced by the clustering as described in Section 4.1. An example is shown in Fig. 14 . However, improvements can be made by partitioning the diagram into two along overlength edges and treating these partitions as clusters.
Our approach to finding partitions in the graph can be summarized as follows:
1. Find a plane graph from the diagram by replacing edge crossings with dummy stations. 2. Derive the dual graph, that is, the graph found from the diagram by placing a vertex in each face of the diagram. The dual graph also has an edge that cuts each edge in the diagram, and which connects the vertices in the two faces of a diagram edge. The dual graph for a diagram is unique as the diagram embedding is known. 3. Diminish the dual graph by removing unnecessary edges. These are dual graph edges that cut diagram edges of ideal edge length and dangling edges (which are dealt with using the method of Section 4.1). This leaves only the dual graph edges that cut overlength edges. 4. Partition the plane graph by finding a route through the dual graph from the vertex in the outer face that passes through at least one other vertex and returns to the vertex in the outer face. There are a number of possible partitions. We use a heuristic that finds a path that cuts diagram edges which are most opposite each other. Cuts through the diagram that consist of nearly parallel edges are more likely to result in good clusters (see Fig. 15 ). For each new face, we take the current edge and find an overlength edge that is both opposite the current one in the face and as close to parallel to the starting edge as possible.
The overlength edges clustering method of Section 4.1 is still required, as the partitioning in this section only operates on edges that are in cycles formed from faces in the diagram. It is not applied to "dangling" lines, which are common in the outer sections of the diagram, and which often have overlength edges.
EXAMPLES
In this section, we give some example metro maps produced by our system, showing for comparison the undistorted and published maps. The time taken to generate the automatically generated maps discussed in this paper is given in Table 3 . These timings were performed in Java 1.6, on a computer with a 1.4 GHz Celeron M processor, 1.5 GB RAM, and running Windows XP. The values are the average of three runs. All maps (automatically generated, published, and undistorted) can be seen in Appendix B, which can be found on the Computer Society Digital Library at http:// doi.ieeecomputersociety.org/10.1109/TVCG.2010.24.
Mexico City
The Mexico City metro map [27] is a complex, decentralized map. It has a relatively high number of lines and faces and a Fig. 13 . Clustering stations to find nonstraight lines. Ultimately, six clusters will be identified in this graph: fBCg, fCDg, fDEg, fGHg, fHIg, and fIJKg.
Fig. 14. Partitioning a diagram into two. The edges AD, BE, CE, and CF are all too long but the only way of shortening them is to move either the left-hand partition P 1 or the right-hand partition P 2 . Both P 1 and P 2 contain other overlength edges that would stop the method for clustering based on overlength edges from finding these partitions. Fig. 16 , with a version drawn in the style of the diagram layout software shown in Fig. 17 . The undistorted map is shown in Fig. 18 .
The map produced using our method is shown in Fig. 19 . We used the criteria weightings shown in Table 4 to produce this map. We believe our finished map shows a significant enhancement over both the undistorted and official maps. The official map has irregular station spacing and no attempt to achieve octilinear angles which is a feature of the automatically-drawn map. The labeling in the automatically-drawn map is also of good quality, particularly along long lines. The gray line to the top-right of the map shows a meander where the line has been compressed horizontally in order to fit within the bounds of the drawing area. Due to the large number of faces in this map, the clustering by partitioning algorithm was very effective in straightening a number of lines and compressing some The line straightness criterion tends to force these lines to become horizontal thereby reducing the angle between them. This could be avoided by increasing the weighting for the angular resolution criterion, but, in practice, this tends to result in less optimal conditions elsewhere in the map.
Sydney
The Sydney CityRail [28] is a very large network covering an area of approximately 3,600 km 2 of metropolitan Sydney. The use of enlarged scale is very prominent in the central Sydney area where most of the lines converge in a tight loop around the city center. Long horizontal lines have forced the use of diagonal labels, but all diagonal labels are of the same orientation. The official Sydney CityRail map is shown in Fig. 20 and the undistorted map is shown in Fig. 21 . We have constrained our area of interest to the main metropolitan area of Sydney. The version of the Sydney CityRail map drawn using our method is shown in Fig. 22 and uses the criteria weightings given in Table 4 .
The finished version of our map has succeeded in evening out station spacing and nearly all the edges are drawn octilinearly. Labeling is also of good quality. One particular area posing a problem for our method is the central area at the right-hand side of the map. This section has up to seven lines passing through each station and features a very tight loop. The published map handles this area by significantly increasing the scale (possibly one of the most dramatic uses of enlarged scale seen in published metro maps), but our method does not explicitly handle scale enlargement for such a small area of the map. A few edges are not drawn octilinearly, most notably the bottommost horizontal line in the map. In this case, a local minimum has been reached where none of the clustering algorithms will find the right cluster of stations as the length of some of the edges is greater than the minimum cluster distance.
EMPIRICAL STUDY
In this section, we report an empirical study conducted to evaluate maps drawn using the method layout described in Sections 3 and 4. We compared them with the official published map and undistorted map. We aimed to evaluate the following four hypotheses:
1. A map of a metro system drawn with our automated software is better for finding an optimal route than a undistorted map of the system. 2. A map of a metro system drawn with our automated software is better for finding an optimal route than the official published map of the system. 3. A map of a metro system drawn with our automated software is preferred over an undistorted map of the system. 
4.
A map of a metro system drawn with our automated software is preferred over the officially published map of the system. The empirical experiment involves a sample of human subjects performing route planning tasks using different map versions of the metro systems given in Table 5 . These maps differ in characteristics and complexity from fairly simple two-line, centralized network, in the case of Atlanta, through to complex, highly interconnected, decentralized network, in the case of Mexico City.
All the maps were rendered in a similar way, to avoid discrepancies due to different label fonts or line thickness. For example, the difference between the original published Mexico City map and the normalized published map used in the empirical study can be seen in Figs. 16 and 17 .
The study comprises the recording and analysis of objective and subjective measurements. Specifically, we evaluated Hypotheses A and B using objective data corresponding to the time taken by a subject to complete the task of finding a correct specific route. We evaluated Hypotheses C and D using subjective opinions obtained from the same subjects about their preferences for the maps.
Experiment Design
A total of 43 subjects participated in our study, nearly all of whom were Computer Science undergraduates from the University of Kent. We split the set of subjects into three balanced groups: I, II, and III.
Each group received exactly the same questions in exactly the same order but they only saw one variant of each map per group for each question. For example, for a question using the Atlanta map, all subjects in all groups are performing the same task but group I used the normalized published map, group II used the undistorted map, and group III used the automatically-drawn map. The map variants were distributed evenly among the groups.
A software application was written which ensured a controlled environment when showing the maps. A screenshot of the software application is shown in Fig. 23 . The following procedure was used for each experiment:
1. An introductory script was read aloud and the test supervisor worked through two example questions. 2. The subjects were told to begin and were presented with problems for 20 minutes. For each problem there was a map, a question, and a list of five possible answers. The subject selected their answer and then continued on to the next problem. The subjects were able to rest after the completion of each problem.
3. After 20 minutes had elapsed, the subjects were shown how many of their answers were correct. For incorrect answers, they were shown the right answer. 4. The questionnaire script was then read aloud. The subjects were then shown the three variants of each map and were asked to write down their preference from "most preferable" to "least preferable." 5. The subjects were then rewarded with £5 for their time and were allowed to leave. The full list of questions and answers for the experiments is given in Appendix B, which can be found on the Computer Society Digital Library at http://doi.ieeecomputersociety. org/10.1109/TVCG.2010.24. Prior to the real experiment sessions, a pilot study was used to determine any problems in our methodology. During this pilot, we were able both to find how much time would be appropriate for the number of questions we were asking and to uncover any ambiguous or impossible questions. The scripts were also refined as a result. The results from the pilot were discarded.
Statistical Analysis 6.2.1 Duration Data
Each individual in the study contributes toward learning about the duration time taken to accurately find a specific route (step iii of the experiment). With the data, the aim is to evaluate the time-effectiveness of each metro map using the time elapsed in completing route planning tasks. During the study, we recorded "exact" measurements corresponding to accurate routes. However, in some cases, the task was performed incorrectly. However, it is natural to assume those tasks will be correctly answered with more time. The key here is that we are not assessing correctness as an outcome; rather, the time taken to find the correct route. So, if an incorrect route is given at a particular time, the time taken to provide a correct route would be greater than this time. Therefore, we can and do use this as information, being compatible with the aims of the experiment without losing any information.
We used statistical methods developed in time-to-event data analysis. The idea is that we model the times when a route is given, and within the model, we include key parameters which allow us to assess the hypotheses A and B highlighted previously. See Appendix C, which can be found on the Computer Society Digital Library at http:// doi.ieeecomputersociety.org/10.1109/TVCG.2010.24, for a Hypotheses A and B can be assessed (independently and jointly) using probability statements by using Bayesian methods. Effectively, this allows us to evaluate Probability(A) which obviously records the estimate of the probability of hypothesis A being true. Table 6 shows the estimates of these probabilities. As we can see, the three hypotheses are highly likely since the estimated probabilities are considerably greater than 0.5. Table 7 displays the contingency table of individuals' preferences for map variants across metro systems (part iv of the experiment). The preference for the automaticallydrawn map is clear, with the exception of Stockholm. Note that there are six possible rankings an individual can assign within the three map versions, which can be enumerated as follows, starting with the most preferable:
Preference Data
1. Auto-Un-Pub, 2. Auto-Pub-Un, 3. Un-Pub-Auto, 4. Un-Auto-Pub, 5. Pub-Auto-Un, and 6. Pub-Un-Auto. Hypotheses C and D can be summarized by events 1 and 2. Therefore, assessing hypotheses C and D simultaneously (C & D) would be equivalent to evaluating how likely events 1 or 2 are. Assessing hypotheses C & D is accomplished by collapsing the six possible rankings into a dichotomous variable, defined to be 1 if the automatically-drawn metro map is the most preferable version and 0 otherwise.
We use statistical methods to model the probability of selecting the automatically-drawn version as the most preferable. See also Appendix C, which can be found on the Computer Society Digital Library at http://doi. ieeecomputersociety.org/10.1109/TVCG.2010. 24 , for details and statistical results.
Preference Assessment.
Hypotheses C and D can be statistically assessed by comparing estimated probabilities. Estimated probabilities are displayed in Table 8 . Here, we can see that the automatic map is the more preferable to the alternatives in Mexico City and Washington. However, we see that for Stockholm, the published map remains preferable. Overall, the automatically-drawn metro map is the most preferable, since the overall estimated probability to choose this version as the most preferable is equal to 0.597. See Appendix C, which can be found on the Computer Society Digital Library at http://doi.ieeecomputersociety.org/ 10.1109/TVCG.2010.24, for further details.
Study Summary
In this study, we found some quantitative evidence to assert that the automatically-drawn metro map version helps users to find routes more efficiently than the alternatives. Moreover, we found that preferences tend to favor the automatically-drawn map version, particularly in highly complex metro systems, such as Mexico City and Washington. However, the evidence is not conclusive due to the Stockholm metro system. Further analysis would be required to establish individuals' preferences in terms of metro map complexity. However, the automatically-drawn metro maps have been shown to be the best maps in terms of effectiveness of finding correct routes.
CONCLUSIONS
We have described an automatic metro map layout system based on multicriteria optimization. The method includes labeling and station clustering. Our empirical study shows that, for some of the maps tested, the layouts produced by the method can be considered better for route planning than both published and undistorted layouts.
While improving on some less effective published maps, it is unlikely that this system will generate maps that are better than the best hand drawn maps. The complexity of the maps, combined with the sophisticated decisions made by map designers, mean that many published maps have features that are not adequately covered by our optimizer. These include: avoiding label overlap, multiple parallel lines, and local enlargement. While esthetic criteria could be developed to deal with these circumstances, there are always likely to be further issues of a more subtle nature.
In terms of future work, various aspects of the layout research could be taken forward, as the current layout mechanism does not fully capture all aspects of published metro maps. Line bends in between stations could be added, as currently changes in line direction are only allowed at stations. In addition, other geographic features such as rivers, shoreline, and parkland could be shown on the diagram. Esthetic criteria could be added to integrate these features in the layout.
The optimizer has great potential for improvement. The criteria weighting is performed in an ad-hoc manner, and while a more systematic method for deciding weighting is difficult to design, further empirical study of diagrams drawn with different characteristics would provide evidence for improving weightings. Also, if particular weightings lead to an automatic drawing similar to a published map (perhaps adapting a layout by example approach [29] ), it might be possible to characterize the map in terms of weighting, enabling other diagrams to be drawn in the style of that map.
In addition, the performance of the optimizer is slow, and little effort has been put into improving the computation time. Large speedups are possible by: integrating the calculation of the metrics (which often perform very similar item-item comparisons, and so repeated iterations might be avoided); avoiding the comparison of items that are far away from each other in the diagram; and reuse of calculations from previous iterations where items have not moved. Some criteria might also be removed, for example, if the edge length criterion were measured as the square of difference between the current edge length and desired edge length, then this might remove the need for the balanced edge length criterion.
Finally, applying this work beyond the layout of complete maps is feasible. The frequent use of the metro map metaphor in laying out non-transport-based information means that there is opportunity to provide an automated layout mechanism for such areas. In addition, the widespread use of small devices connected to the Internet, such as mobile phones, means that the provision of personal travel maps would seem to be a promising application for automatic metro map layout. Juan Carlos Martínez-Ovando is a postgraduate student in statistics at the University of Kent. His research focuses on Bayesian nonparametric methods.
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